Germ cells are required for the successful propagation of sexually reproducing species. Understanding the mechanisms by which these cells are specified and how their totipotency is established and maintained has important biomedical and evolutionary implications. Freshwater planarians serve as fascinating models for studying these questions. They can regenerate germ cells from fragments of adult tissues that lack reproductive structures, suggesting that inductive signaling is involved in planarian germ cell specification. To study the development and regeneration of planarian germ cells, we have functionally characterized an ortholog of nanos, a gene required for germ cell development in diverse organisms, from Schmidtea mediterranea. In the hermaphroditic strain of this species, Smed-nanos mRNA is detected in developing, regenerating, and mature ovaries and testes. However, it is not detected in the vast majority of newly hatched planarians or in small tissue fragments that will ultimately regenerate germ cells, consistent with an epigenetic origin of germ cells. We show that Smed-nanos RNA interference (RNAi) results in failure to develop, regenerate, or maintain gonads in sexual planarians. Unexpectedly, Smed-nanos mRNA is also detected in presumptive testes primordia of asexual individuals that reproduce strictly by fission. These presumptive germ cells are lost after Smed-nanos RNAi, suggesting that asexual planarians specify germ cells, but their differentiation is blocked downstream of Smed-nanos function. Our results reveal a conserved function of nanos in germ cell development in planarians and suggest that these animals will serve as useful models for dissecting the molecular basis of epigenetic germ cell specification.
G
erm cells provide intriguing examples of cellular differentiation, in which highly specialized cells retain their totipotency (1) . In metazoans, two apparently distinct modes of germ cell specification are observed: determinate specification (or preformation), in which maternally supplied, localized cytoplasmic determinants act early in embryogenesis; and epigenetic specification, in which inductive interactions between cells specify germ cell fate later in embryogenesis (2) (3) (4) . Surveys of germ cell specification mechanisms throughout metazoan phyla revealed that epigenesis appears to be more widely distributed than determinate specification (2) (3) (4) . Furthermore, epigenesis is observed in basal metazoans (e.g., Porifera and Cnidarians), whereas determinate specification is typically seen in more derived lineages, leading to the hypothesis that epigenesis is ancestral (4, 5) .
Much of our understanding of the mechanisms underlying germ cell specification is based on genetic analyses in Drosophila melanogaster and Caenorhabditis elegans, both of which use determinate specification (for reviews, see refs. 6 and 7). Studies aimed at deciphering the mechanisms of epigenesis have been limited almost exclusively to mouse (8, 9) . Understanding the extent to which germ cell specification mechanisms have been conserved or have diverged among disparate groups requires analyzing these mechanisms in additional organisms.
Planarian flatworms (10, 11) are well suited to serve as a simple model for studying epigenesis. Classic histological analyses suggested that these animals specify germ cells postembryonically: no obvious primordial germ cells or germ plasm are observed during embryogenesis, and the animals do not develop reproductive organs until after hatching (12; for references to early literature, see ref. 13 ). In addition, they possess amazing regenerative abilities that permit them to regenerate the germ cell lineage in fragments of tissue that lack reproductive organs (14) . A population of stem cells (neoblasts) maintained during the course of the animal's life is the likely source of the regenerated germ cell lineage (15) . Two strains with distinct reproductive strategies are observed in the planarian Schmidtea mediterranea: a sexual strain that reproduces as cross-fertilizing hermaphrodites, and an asexual strain that reproduces by transverse fission (10) . These strains can be distinguished by a chromosomal translocation observed in asexual individuals (16) . The nature of the asexuals (e.g., whether they produce germ cells that are defective in some way or fail to specify germ cells altogether) remains an open question (17) .
To analyze germ cell formation in planarians, we have identified and functionally characterized a nanos ortholog from S. mediterranea (Smed-nanos). In Drosophila, nanos is required for abdominal segmentation (18, 19) as well as for germ cell differentiation (20, 21) and maintenance (22, 23) . Conserved functions in germ cell maintenance have been reported for nanos orthologs in C. elegans (24) , zebrafish (25) , and mouse (26, 27) . nanos is expressed in primordial germ cells in widely divergent metazoans, ranging from cnidarians to humans (4, (28) (29) (30) (31) ; however, little is known about the function of nanos outside of the major genetic model organisms. A nanos homolog (Djnos) that is expressed in presumptive germ cells in both sexual and asexual individuals of the planarian Dugesia japonica was recently described; however, no functional data were reported (32) . Here we show that Smed-nanos function is required for proper germ cell development, regeneration, and maintenance in both sexual and asexual planarians.
Results and Discussion
Identification of Smed-nanos and Its Expression in Intact and Regenerating Sexual Planarians. To characterize the process of germ cell formation in the planarian S. mediterranea, we identified sequences encoding the highly conserved NANOS zinc finger motif in whole-genome shotgun sequence data from the her-maphroditic strain. Using these sequences, we isolated fulllength nanos cDNAs (839 bases) from a sexual S. mediterranea cDNA library (33) [see supporting information (SI) Methods]. Northern blot analysis revealed a single Smed-nanos transcript of Ϸ0.8 kb in total RNA from sexual planarians (SI Fig. 7 ). Smed-nanos (for brevity, referred to as nanos) encodes a predicted protein of 233 aa, containing two conserved zinc finger domains at the C terminus (SI Fig. 7) .
To examine the spatial expression pattern of nanos, we performed in situ hybridization on S. mediterranea hermaphrodites (Fig. 1A) at various stages after hatching from the egg capsule. Hybridizations to hatchlings fixed within 12 h of emergence (D1 hatchlings) failed to detect nanos expression in 89% of the samples (34 of 38; Fig. 1B and SI Fig. 8C ). Controls using germinal histone H4 (33) (see below) and the neural marker anosmin-1 (34) as probes showed that newly emerged hatchlings were not refractory to in situ hybridization (SI Fig. 8 A and B) . In hatchlings examined on the 3rd (D3, 48-60 h) and 7th days (D7, 144-156 h) after hatching, nanos RNA was detected dorsolaterally, in positions corresponding to presumptive testes primordia (17 of 21 D3 hatchlings were nanospositive and 9 of 9 D7 hatchlings were nanos-positive; SI Fig. 8  D-F) . To address whether the development of nanos-positive cells in hatchlings requires cell proliferation, we irradiated D1 hatchlings with 30 Gy, a dose sufficient to eliminate all neoblasts from adults (35) , and fixed them 2 days later. After irradiation, we could not detect dorsolateral clusters of nanos-positive cells in irradiated D3 hatchlings (n ϭ 13), whereas control D3 hatchlings were nanospositive (n ϭ 5; SI Fig. 8 G and H) . These results suggest that the postembryonic development of nanos-positive germ cell precursors requires either neoblasts or cell division.
Later during development, nanos RNA was detected in the developing testes of juveniles (planarians lacking completely developed reproductive structures) and fully mature worms (Fig.  1B) . nanos RNA was also detected in ovaries of both juvenile and mature worms but not in hatchlings (Fig. 1C) . nanos expression was detected much earlier during gonad development than previously examined markers of the reproductive organs (33) .
As an additional marker for studying the appearance of germ cells in young hatchlings, we used germinal histone H4 (germinal H4) (33) , a transcript that labels presumptive germ cells as well as somatic neoblasts (see below). As observed with nanos, the majority of D1 hatchlings (6 of 7) did not have obvious germinal H4 labeling outside of the neoblast population (SI Fig. 8I ). Whereas 4 of 6 D3 hatchlings had clusters of dorsolateral cells with a greater intensity of germinal H4 signal (SI Fig. 8J , arrows), these clusters were reminiscent of the nanos-positive cells observed in D3 hatchlings. Given the great variability in the length of time from egg capsule deposition to hatching as well as variability in the size of the individuals emerging from the same egg capsule, it seems likely that the few animals in which nanos and germinal H4 mRNAs were detected at D1 were either precocious developers, had relatively delayed hatching, or had spent the most time between hatching and fixation (up to Ϸ12 h).
The planarian reproductive system can regenerate after amputation. Using nanos as a germ cell marker, we analyzed head pieces that were amputated anterior to the ovaries; such fragments devoid of reproductive tissues ultimately regenerate reproductive organs, suggesting that germ cells can be derived from somatic cells (14) . After amputation, we used fluorescent in situ hybridization (FISH) and confocal microscopy to detect nanos-positive cells in the regenerating head pieces (Fig. 2) . Seven days after amputation, 7 of 14 head fragments lacked any detectable nanos expression ( (32) , although the colorimetric staining may have made it difficult to visualize the earliest appearance of Djnos-positive cells. These results, together with the lack of detectable nanos RNA in the vast majority of D1 hatchlings, support the view that germ cells in planarians can be specified postembryonically.
Amputation behind the ovaries leads to regression of the testes in the decapitated posterior fragment; after regeneration of the cephalic ganglia, the testes regenerate (36) . The processes of regression and regeneration of the testes can be monitored by using in situ hybridization to detect T-plastin mRNA (33), a transcript expressed abundantly in spermatocytes and spermatids (data not shown). One week after amputation behind the ovaries, T-plastin expression was not detected in regenerating tail fragments (Fig. 3A) ; after 15 days of regeneration, the pattern of testes expression of T-plastin was restored (Fig. 3A) . A sublethal dose of ␥-irradiation (10 Gy) also led to degeneration of the testes followed by their regeneration (37) in a time course similar to that shown for transverse amputation behind the ovaries (data not shown). In contrast to the regression and regeneration of the testes observed by morphological criteria (36, 37) and by Tplastin in situ hybridization, expression of nanos mRNA persisted throughout the process of testes regression and regeneration after amputation (Fig. 3B) and sublethal doses of ␥-irradiation (data not shown). Combined FISH and confocal microscopy showed the changes in the distribution of nanos-positive cells during testes regeneration (Fig. 3C) . In intact animals, nanospositive cells were detected around the periphery of the testes lobes. Three days after amputation, nanos appeared to be up-regulated in the testes, and positive cells were still distributed around the periphery (Fig. 3C, arrows) . By 7 days, the central portion of the testes was no longer visible (Fig. 3C) , consistent with the disappearance of T-plastin expression (Fig. 3A) . By 15 days, a pattern very similar to that observed in intact animals was reestablished (Fig. 3C) . target RNAs were dramatically reduced 10 days after the last feeding (SI Fig. 9 A-F) . Thus, RNAi can be used to inhibit gene expression in the planarian germ cells.
Smed-nanos RNAi Results in Failure to
To assay the effects of nanos RNAi knockdown on the regeneration of the reproductive organs, mature animals were fed twice with nanos dsRNA and then amputated posterior to the ovaries. Feeding of dsRNA was resumed 2 weeks after amputation to allow the animals to grow and undergo sexual maturation; they were analyzed after 2-3 months of weekly dsRNA feedings. Control planarians fed bacteria containing vector alone regenerated normally, and the ventral gonopore (opening to the copulatory apparatus) was usually observed within 1 month after amputation (data not shown). Worms fed nanos dsRNA regenerated their somatic tissues normally; however, they did not form gonopores until 3 months after amputation. These pores appeared to open into an empty cavity, and no copulatory apparatus was formed (data not shown).
We analyzed the developmental state of the testes in these animals by using several different markers (Fig. 4) . The condensing nuclei in clusters of spermatocytes, spermatids, and spermatozoa enabled us to use DAPI staining to visualize the testes dorsolaterally in whole-mount preparations of control planarians (Fig. 4A) ; such dorsolateral clusters were absent from nanos RNAi knockdown animals (Fig. 4B) . Histological sections of control animals showed normal testes morphology ( SI Fig. 9G) ; no testes were observed in sections of nanos knockdown animals (SI Fig. 9H ).
Microtubules are prominent components of the structure of planarian spermatozoa (46) (47) (48) ; therefore, we used anti-tubulin immunofluorescence to visualize clusters of spermatocytes, spermatids, and spermatozoa within the testes of control animals (Fig. 4 C  and G) . These anti-tubulin-positive clusters were not observed in animals fed nanos dsRNA (Fig. 4 D and H) ; the ciliated ducts of the excretory system were the only anti-tubulin-positive structures observed within the mesenchyme. In planarian testes, dividing spermatogonia undergo three rounds of incomplete cytokinesis to generate a cyst of 8 primary spermatocytes; after meiosis and spermiogenesis, 32 spermatids are produced (48) . Clusters of dividing cells within these cysts were labeled with anti-phosphohistone H3-S10 (H3-S10P) antibodies (49) (Fig. 4 E and G) . Anti-H3-S10P-positive clusters were not seen in nanos RNAi knockdown worms; the only mitotic figures observed in these animals corresponded to unclustered, dividing neoblasts typically observed in the mesenchyme of asexual planarians (Fig. 4 F and H) (35, (42) (43) (44) 50) .
As additional markers to examine testes regeneration, we analyzed T-plastin and germinal H4 expression in control and dsRNAtreated worms. Control animals had robust expression of T-plastin (Fig. 4I) and germinal H4 (Fig. 4K) in testes, providing further evidence of proper testes regeneration. In contrast, T-plastin expression was not detected in nanos RNAi worms (Fig. 4J) , and testes expression of germinal H4 was not observed (Fig. 4L) . germinal H4 is also expressed in ovaries and somatic neoblasts (33) . In control planarians, this marker enabled us to visualize the regenerated ovaries (Fig. 4M) . In nanos RNAi animals, ovarian expression of germinal H4 was not observed (Fig. 4N) . Together, these results demonstrate that nanos function is required for proper regeneration of the planarian gonads.
The above analysis was performed on animals after several months of RNAi treatment; thus, we could not distinguish between early and late effects on the regeneration process. To analyze further the progression of the nanos RNAi phenotype, we conducted similar RNAi experiments, except that we fixed animals 2 weeks after amputation (animals were starved from amputation until fixation). FISH to detect germinal H4 mRNA revealed that control animals regenerated testes primordia, visible as germinal H4-positive cell clusters (n ϭ 10; Fig. 5 A-D) . In contrast, such clusters were not observed in nanos RNAi animals; only neoblast staining was observed (n ϭ 11; Fig. 5 E   and F) . We conclude that the nanos RNAi phenotype during regeneration is the result of failure to form or maintain testes primordia during early stages of testes regeneration rather than loss of mature testes after normal regeneration. Intriguingly, sexually mature animals fed nanos dsRNA every 4-5 days over the course of 1 month lost their gonads (10 of 10; data not shown), suggesting that Smed-nanos is also required to maintain germ cell-derived structures in adult planarians.
To examine whether nanos was also required for normal postembryonic development of the planarian reproductive system, we performed RNAi experiments on newly hatched worms. D1 hatchlings were fed nanos dsRNA every 4-5 days for a period of 2-3 months (it takes Ϸ2 months to reach reproductive maturity). Although these planarians grew normally, they did not develop ovaries (n ϭ 8) or testes (n ϭ 15) (as assayed by the molecular markers described above) or gonopores (n ϭ 15); whereas control animals had ovaries (n ϭ 8), fully developed testes (n ϭ 14), and gonopores (n ϭ 14; data not shown). Thus, nanos is required for the postembryonic development of the planarian reproductive system.
Smed-nanos Expression Suggests That Asexual Planarians Also Specify
Germ Cells. Surprisingly, Northern blot analysis revealed that nanos mRNA was also expressed in asexual planarians, at levels comparable with those observed in sexual animals (SI Fig. 7) . Therefore, we performed whole-mount in situ hybridization to examine nanos expression in asexual worms. In asexual planarians, nanos mRNA was detected in cells with a distribution similar to that of the presumptive testes primordia of sexual worms ( Fig. 6A and SI Fig. 10A ); similar expression of Djnos was also reported in asexual D. japonica (32) . This observation prompted us to test additional markers of the reproductive structures in asexual planarians (33) . Of 14 genes examined that label the mature gonads in sexual planarians, 13 did not produce staining comparable with nanos in asexual worms (data not shown). However, germinal H4 (33) was also expressed in asexual planarians, labeling dorsolateral clusters of cells in a pattern similar to nanos (Fig. 6C and SI Fig. 10B ) as well as somatic neoblasts, as indicated by double staining with anti-SMEDWI-1 antibodies (SI Fig. 10 C-E) (35) .
Previous work suggested that in asexual planarians, the only proliferating cells are neoblasts, the stem cells responsible for the animal's regenerative abilities, whereas differentiated cell types are postmitotic. After a lethal dose of ␥-irradiation, neoblasts are eliminated, whereas differentiated cells are unaffected (35, 42, 43) . Three days after ␥-irradiation (30 Gy) the expression of nanos and germinal H4 mRNAs was eliminated from asexual planarians (Fig. 6 B and D) . Thus, these genes may be expressed in a subset of the proliferating cell population, or neoblasts may give rise to short-lived germ cells in asexual planarians. Further experiments will be needed to clarify the basis of the radiation sensitivity of the presumptive germ cells.
Although nanos mRNA is detected in a specific cell population in asexual planarians, one possible explanation for the failure of these animals to develop mature reproductive organs is that nanos is not functional. To address this issue, we performed nanos RNAi experiments on asexual planarians (Fig. 6 E and F) . Animals were fed twice with nanos dsRNA and then amputated 7 days after the second feeding; dsRNA feeding was resumed after 1 week, and animals were fixed 1 month after amputation. nanos RNAi knockdown animals regenerated and grew normally, but they lacked the dorsolateral population of germinal H4-expressing cells, whereas neoblast labeling was unaffected (Fig. 6F) . A similar experiment was also performed on intact, asexual planarians. Animals were fed nanos dsRNA every 4-5 days for 1 month. All of the nanos RNAi animals (n ϭ 15) lacked the dorsolateral population of germinal H4-positive cells observed in controls (n ϭ 15; data not shown). Thus, nanos function is required for maintaining expression of germinal H4 in presumptive germ cells in intact and regenerating asexual planarians.
Our results provide evidence for conservation of nanos function in epigenetic germ cell specification in a representative of a basal protostome lineage. The functional genomic resources available for studying S. mediterranea will facilitate the identification and functional characterization of genes required for epigenetic germ cell specification and development of the reproductive system. Such studies should provide additional insight into the extent to which the mechanisms of germ cell specification have been conserved between diverse phylogenetic lineages.
Methods
Planarian Culture. Clonal lines of hermaphroditic (33) and asexual (51) S. mediterranea were used for all experiments. Sexual planarians were maintained in 0.75ϫ Montjuïc salts at 18°C and asexuals in 1ϫ Montjuïc salts at 21°C (41) . Animals were fed weekly with organic calf liver and starved 1 week before use.
In Situ Hybridization. Whole-mount in situ hybridization was performed and imaged as described for sexual (33) and asexual animals (41) . Within a given experiment, samples were developed with substrate for the same amount of time. For details on FISH, see SI Methods. For ␥-irradiation experiments, planarians were exposed to 10 or 30 Gy as described previously (35) .
RNAi. RNAi feedings were performed as described previously (42) . Control animals were fed bacteria containing pPR242 plasmid vector alone. For nanos RNAi, the corresponding cDNA was subcloned into pPR242 at the ApaI/NotI sites and confirmed by DNA sequencing.
Immunofluorescence. Planarians were killed with 2% HCl, fixed in modified Schaudin's fixative (35) , and stained as described previously (35, 41) . Images were taken with a SteREO Lumar microscope (Zeiss, Thornwood, NY). Confocal images were obtained with a CARV confocal microscope (BD Biosciences, Rockville, MD) as described previously (35) . 
